E2F1 deletion leads to increased mitochondrial number and function, increased body temperature in response to cold and increased resistance to fatigue with exercise. Since E2f12/2 mice show increased muscle performance, we examined the effect of E2f1 genetic inactivation in the mdx background, a mouse model of Duchenne muscular dystrophy (DMD). E2f12/2;mdx mice demonstrated a strong reduction of physiopathological signs of DMD, including preservation of muscle structure, decreased inflammatory profile, increased utrophin expression, resulting in better endurance and muscle contractile parameters, comparable to normal mdx mice. E2f1 deficiency in the mdx genetic background increased the oxidative metabolic gene program, mitochondrial activity and improved muscle functions. Interestingly, we observed increased E2F1 protein levels in DMD patients, suggesting that E2F1 might represent a promising target for the treatment of DMD.
INTRODUCTION
E2F1 is a transcription factor that participates in the control of cell cycle progression through the regulation of the expression of genes involved in cell proliferation. In addition to its wellknown function in cell death and proliferation, an emerging role of E2F1 in metabolic control has been recently described (1, 2) . It was demonstrated that E2F1 is a transcriptional modulator of the metabolic oxidative response. In particular, it was shown that the glycolytic muscle gastrocnemius (GN) from E2f12/2 mice switched to oxidative metabolism characterized by increased mitochondrial content and activity. E2F1 directly modulated the expression of oxidative genes implicated in mitochondrial activity and biogenesis such as Pgc-1a, Erra and Cpt-1 (3). Consequently, E2f12/2 mice showed increased basal metabolism, resistance to fatigue and increased muscle performance. In our search for potential applications of this 'oxidative' phenotype, we found previous studies demonstrating that skeletal muscles of mice lacking dystrophin exhibit abnormalities of mitochondrial function, and more precisely an impaired capacity for oxidative phosphorylation (4) . Muscular dystrophies are hereditary diseases involving progressive muscular weakness and degeneration (5) . Duchenne muscular dystrophy (DMD), the most prevalent genetically inherited neuromuscular disorder, is caused by mutations or deletions in the gene encoding dystrophin that prevent the synthesis of a full-length dystrophin protein. This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/ licenses/by-nc/2.5), which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
Human
have confirmed the decrease of the expression of several mitochondrial genes (4). The mdx mouse, an animal model of DMD, was used for the investigation of changes in mitochondrial function associated with dystrophin deficiency (6, 7) . Interestingly, oxidative fibers seem to be protected with a reduced damage in comparison with glycolytic fibers (8) . Moreover, up-regulation of Pgc-1a or activation of AMPK are able to ameliorate DMD through the induction of oxidative program (9, 10) . Considering the potential advantage of the increase of oxidative program on DMD pathogenesis, we crossbred E2f12/2 and mdx mice to analyze the potential effects of E2F1 in muscle degeneration.
RESULTS AND DISCUSSION
Structural analysis was first performed in order to elucidate any role of E2F1 in muscle pathology. Consistent with previous studies, microscopic analysis of muscle fiber sections of DMD male mice (E2f1+/+;mdx) revealed necrotic lesions, fibrosis and inflammation in GN, tibialis, quadriceps and diaphragm muscles (Fig. 1A) . Genetic deletion of E2f1 in the DMD mouse model (E2f12/2;mdx) resulted in a general improvement of the muscle structure (Fig. 1A) . Visualization of muscle fiber cross-sections revealed no signs of lesions in muscles of E2f12/2;mdx mice, suggesting that E2F1 is involved in muscle function in these mice (Fig. 1A) . To further determine whether E2f1 deletion could attenuate the dystrophic phenotype, we examined several morphological parameters known to characterize dystrophic muscle. The number of fibers with central nuclei was reduced in several E2f12/2;mdx muscles (Fig. 1B) , although the high level of fibers with central nuclei strongly suggested that the fibers had been regenerated. The relative area of inflammatory infiltrate was also reduced in E2f12/2;mdx muscles, as measured by MAC-2 immunofluorescence staining ( Fig. 1C and  D) . This was consistent with decreased expression of inflammatory cytokines in muscles of E2f12/2;mdx compared with E2f1+/+;mdx mice (Fig. 1E) . Assessment of fiber size variability, determined by averaging the standard deviation of the cross-sectional myofiber areas, demonstrated greater homogeneity in E2f12/2;mdx GN compared with E2f1+/+;mdx muscles (Fig. 1F) . No significant differences of fiber size variability were observed in the diaphragm and quadriceps (data not shown). Furthermore, infiltration with Evans blue dye, which stains damaged fibers, was significantly reduced in the quadriceps, GN and diaphragm of the E2F12/2 mdx mice, indicating increased muscle membrane stability ( Fig. 1G and H) . Finally, circulating creatine kinase (CK) levels were significantly reduced in E2f12/2;mdx mice aged at 6 and 10 weeks (Fig. 1I) . Altogether, these data suggested that genetic deletion of E2f1 in the mdx background improved the dystrophic phenotype.
Distinct muscle fibers are differentially affected in DMD. Previous reports demonstrated that fast fibers are preferentially damaged and that slow fibers are protected from degeneration (8) . Strikingly, E2f12/2;mdx muscles showed increased mRNA expression of slow-twitch oxidative myofiber genes (MyHC-I) and a decreased level of fast-twitch glycolytic myofiber genes encoding MyHC-IIb and -IIx ( Fig. 2A) . Furthermore, immunofluorescence analysis showed a disproportionate increase in MyHC-I staining in sections from E2f12/2;mdx muscles, and a decrease in MyHC-IIb staining in these sections when compared with sections from muscles of E2f1+/+;mdx mice, indicating a higher proportion of slow fibers in E2f12/2 mice (Fig. 2B) . Finally, oxidative muscles express more utrophin in extrasynaptic regions of their fibers than glycolytic fibers (11) , which confers resistance to degeneration. Consistently, we observed increased expression of the utrophin mRNA and protein levels in the E2f12/2;mdx ( Fig. 2C and D) . We next sought to determine whether the expression of other components of the dystrophin-associated protein complex was also modified. Immunoblot analysis demonstrated an increased accumulation of b-dystroglycan in E2f12/2;mdx when compared with those in E2f1+/+;mdx GN muscles (Fig. 2D ). These results suggested that the particular fiber composition in muscles of E2f1-deficient mice with increased oxidative capacity and utrophin expression protected these mice from muscular dystrophy.
An important feature of slow fibers is increased oxidative metabolism. Indeed, mitochondrial oxidative phosphorylation has been shown to be impaired in muscles of mdx mice. Interestingly, mRNA expression of genes implicated in mitochondrial biogenesis and function, such as Pgc-1a, Tfam or Sdha, was consistently increased in E2f12/2;mdx compared with those in E2f1+/+;mdx GN muscles (Fig. 3A) . Mitochondrial activity studies of the GN muscle further proved the increased oxidative metabolism. Interestingly, deletion of E2f1 in the mdx background (E2f12/2;mdx) resulted in increased GN mitochondrial oxygen consumption compared with those in E2f1+/+;mdx GN (Fig. 3B) .
We found that isometric twitch tension of the diaphragm, known to be severely affected in mdx mice, was increased upon deletion of E2F1. Values in E2f1+/+;mdx mice ranged from 3.55 + 1.0 N/cm 2 (10 Hz) to 13.07 + 0.8 N/cm 2 (100 Hz). Tension strength of diaphragm muscle was consistently higher in E2f12/2;mdx mice [from 5.56 + 1.1 N/cm 2 (20 Hz) to 16.57 + 1.8 N/cm 2 (100 Hz), P , 0.05], which was consistent with the improvement in muscle structure observed in these mice (Fig. 3C) . Moreover, E2f12/2;mdx mice performed similar to wild-type mice in a running test (40 and 50 min running till exhaustion, respectively), whereas E2f1+/+;mdx mice were exhausted after 20 min running (Fig. 3D) . Altogether these results suggested that E2f1 deletion preserves muscle function in the mdx model of Duchenne dystrophy.
Finally, to assess the potential clinical relevance of our findings, we measured E2F1 protein levels on 6 controls and 11 human subjects with DMD. A robust increase in E2F1 protein level was observed in skeletal muscle from patients with DMD compared with control healthy subjects (Fig. 4A) . Moreover, up-regulation of E2F1 protein expression in DMD patients was correlated with increased glycolytic fiber-type expression (MyHCII-b) and a decrease in oxidative fiber-type expression (MyHC-I) ( Fig. 4A and B) . Expression of E2F1 was also increased in muscles of mdx mice compared with wild-type control mice C57BL/10 ( Fig. 4C and D) . No correlation was found between E2F1 expression and age of patients, gender, time from loss of ambulation, clinical phenotype, CK levels, presence of dystrophin, or presence and nature of mutations in the gene (Table 1) .
Muscle degeneration, likely triggered by increased Ca 2+ load in muscle cells, involves changes in mitochondrial function (6, 7) . Several studies have shown that oxidative slow fibers, such as type I, are resistant to degeneration in mdx mice (8, 10) . Furthermore, oxidative fibers express higher levels of utrophin, which could compensate for dystrophin deficiency (12) . Whether mitochondrial activity contributes or is secondary to the muscle degeneration process still remains as an open question. Dystrophic muscles have decreased oxidative metabolism in mice models (7) and in DMD patients (4) . In contrast, E2F1 deficiency results in increased oxidative metabolism (3) . Consequently, we show now in this study that deletion of E2f1 increases oxidative metabolism in mdx mouse model of DMD. Strikingly, muscles of E2f12/2;mdx mice contain a higher proportion of type I fibers than the E2f1+/+;mdx myodystrophic mice. Moreover, E2f12/2;mdx fibers express higher levels of utrophin as well as proteins contained in the dystrophin-associated complex. This correlates with improved muscle performance in these mice. Conversely, it was shown that a fiber-type switch from slow to fast (oxidative to glycolytic) occurred in transgenic mice expressing CaM-binding protein in slow fibers. CaM-binding protein expression interfered with Ca 2+ / CaM-dependent signaling. Strikingly, when crossed to mdx, transgenic mice showed exacerbated dystrophic phenotype (13) . Interestingly, this correlated with the higher presence of fast-type fibers, decreased expression of utrophin and decreased expression of PGC-1a, which is the opposite to what we found in E2f12/2;mdx mice (13) . These results suggest that the effects of E2F1 in this mouse model are mediated by its ability to repress oxidative metabolism. In contrast to E2F1, PPARd, which is the member of the nuclear receptors family, promotes oxidative metabolism in muscle and facilitates the switch from fast to slow fiber type (14) . Consistent with our results, it was shown that activation of PPARd with specific agonists resulted in enhanced expression of slow oxidative fibers and increased the expression of utrophin, which was proved to be a transcriptional target of PPAR. Moreover, the treatment of mdx mice with PPARd agonists improved the dystrophic phenotype (15) . From these data, it is tempting to speculate that E2F1 regulates the expression of genes, such as CaM-binding protein, or represses the expression of PGC-1a or PPARd. Further evidence for the implication of metabolic pathways in Duchenne's dystrophy comes from an elegant work in which it was shown through global analyses of published data sets of differential gene expression results comparing normal to DMD muscles that almost all genes downregulated in DMD could be clustered to a single common pathway, which is the fast to slow fiber-type twitch transition (16) . Alternatively, or in complement to the metabolic effects underlying protection to degeneration, we cannot exclude the possibility that E2F1 regulates other physiological processes involved in tissue degeneration in DMD. Interestingly, human patients of DMD express higher levels of E2F1 protein in the muscle, which strongly suggests that this transcription factor contributes also in humans to the physiopathology of DMD. Genetic studies are guaranteed to further demonstrate the relative contribution of E2F1 to DMD.
Finally, our data showing a dramatic increase in muscle performance upon E2f1 deletion in mdx mice, notably in the running test, are very promising for the development of new therapies for DMD treatment.
MATERIALS AND METHODS

Materials and oligonucleotides
Chemicals, unless stated otherwise, and anti-actin were purchased from Sigma (St Louis, MO, USA). Anti-E2F1 (C-20) and anti-GAPDH antibodies were from Santa Cruz. AntiMyHC-I (BA-F8) and IIb (BF-F3) were purchased from the Developmental Studies Hybridoma Antibody Core at the University of Iowa. Anti-Mac-2 was purchased from eBioscience. Anti-utrophin, anti-b-dystroglycan and anti-g-sarcoglycan were described elsewhere. Oligonucleotide sequences appear in Supplementary Material, Table S1 .
Animal experiments
C57Bl/10J, E2f1+/+, and E2f12/2 and mdx mice were purchased from the Jackson Laboratory (Bar Harbor, ME, USA) and were maintained according to European Union Guidelines for use of laboratory animals. The endurance test was performed on 2 h fasted weight-matched E2f1 +/+, 2/2, +/+;mdx and 2/2;mdx mice at the beginning speed of 10 cm/s for 5 min. The speed was progressively increased (around 2 cm/s each 5 min) to reach, at the end of the running test, the maximal speed of 25 cm/s. The distance run was recorded all along the test and a mouse was removed from the experiment when considered exhausted. Experiments on E2f1 +/+;mdx/+ and E2f1 2/2;mdx/+ mice were performed on males at the age of 8 weeks unless stated otherwise. Serum CK levels were measured at the Service Phenotypage de l'IFR 150 (Toulouse, France) on mice fed ad libitum.
Oxygen consumption
Measurements of oxygen consumption were performed in mitochondria isolated from muscles. Briefly, tissues were homogenized into isolation buffer [250 mM mannitol, 10 mM ethylenediaminetetraacetic acid (EDTA), 45 mM Tris -HCl, 5 mM Tris-Base, pH 7.4] using a Dounce homogenizer. Nuclei and cell debris were removed by centrifugation at 2000 rpm for 10 min. Mitochondria were isolated from supernatant by spinning twice at 10 000 rpm for 10 min. The mitochondrial pellet was resuspended in isolation buffer and kept on ice. Mitochondrial protein was measured by Bradford method (BioRad). The rate of mitochondrial oxygen consumption was measured at 378C in an incubation chamber with a Clark-type O 2 electrode as described in (17) (Strathkelvin Instruments, Glasgow, UK) filled with 1 ml of respiration medium [15 mM KCl, 30 mM KH 2 PO 4 , 25 mM Tris-Base, 45 mM sucrose, 12 mM mannitol, 5 mM MgCl 2 , EDTA 7, 20 mM glucose, 0.2% bovin serum albumin (BSA)]. The measurements were performed using mitochondria (3 mg/ml) incubated with succinate (5 mM) as substrate in the presence or in the absence of 1 mM adenosin diphosphate. The incubation medium was constantly stirred with a magnetic stirrer. Respiration values were normalized to mitochondrial protein content.
RNA extraction, reverse transcriptase-polymerase chain reaction and quantitative polymerase chain reaction For gene expression analysis, total RNA extraction from E2f1 +/+;mdx/+ and 2/2;mdx/+ tissues and reverse transcription were performed as described (18, 19) . Quantitative polymerase chain reaction (Q-PCR) was carried out using a LightCycler 480 and the DNA double-strand-specific Power SYBR Green master mix for detection (Applied Biosystems, Foster City, CA, USA). Q-PCR was performed using genespecific oligonucleotides and the results were then normalized to 18S or Cyclophilin B levels (Supplementary Material, Table S1 ).
Histology, immunofluorescence and biochemical analysis
Evans blue was injected intra-peritoneally (100 mg/kg) and tissues were harvested 16 h later, embedded in optimal cutting temperature. Evans blue detection was performed on 10 mm frozen sections as previously described (20, 21) . Hematoxylin, eosin staining and immunofluorescence microscopy (MyHC, 2 mg per section) were performed on 5 mm formalinfixed paraffin-embedded tissue sections. Briefly, after deparaffinizing and rehydrating the sections, antigen retrieval was performed on muscle sections by incubating tissue preparations in sodium citrate buffer (pH 6.0) at 958C for 30 min. Sections were then rinsed two times in tris-buffer solution (TBS) plus 0.025% triton X-100 for 5 min and subsequently blocked for 1 h with 10% normal goat serum in TBS containing 1% BSA and then incubated for 16 h with the indicated antibodies in TBS containing 1% BSA. After washing two times in tris-buffer solution (TBS) plus 0.025% triton X-100 for 5 min, immunostainings were revealed using a 488 Alexa-conjugated anti-rabbit or anti-mouse secondary antibodies (Jackson Immunoresearch) and observed under a fluorescence microscope (Leica Microsystemes SAS). Negative controls using rabbit or mouse IgGs were performed and no staining was observed in these conditions.
Morphometric analysis of histological data
The percentage of centrally nucleated fibers was counted on three hematoxylin -eosin (H&E)-stained cross-sections of three different mice from each genotype. The muscle fiber mean cross-sectional area was determined by using ImageScope software on H&E sections. Myofiber size variability, which is a feature of mdx muscles, was determined by multiplying the standard deviation of each individual cross-sectional area by 1000 and dividing it by the mean fiber diameter. For all experiments, approximately 150 fibers/mice were analyzed per genotype, and at least three mice per genotype were used.
Protein extracts and immunoblot analysis
Protein extracts and sodium dodecyl sulfate (SDS) -polyacrylamide gel electrophoresis (PAGE), electrotransfer and immunoblotting were performed as described (22) .
Statistical analysis
Data are presented as means + standard error of mean. Statistical analyses were performed with unpaired Student's t-test. Differences were considered statistically significant at P , 0.05.
SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
